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Formation Mechanism of Incorporating Metal Nanoparticles into 
Highly Stable Metal-Organic-Frameworks 
-----Yang Tang 
Advisor: Frank Tsung 
Abstract 
Incorporating shape and size controlled metal nanoparticles (NPs) into metal-organic-
frameworks (MOFs) shows great potential in heterogeneous catalysis. The 
combination of ordered nanoporous structure of MOFs and the well-defined surfaces 
of metal NPs provides a new tool to modulate the catalysis on the metal surface. Due 
to the large pore size, framework flexibility and selective interaction with gas 
molecules, MOFs have been widely used for gas storage with high selectivity. Among 
which have been developed to date, Zeolitic Imidazolate Frameworks-8 (ZIF-8) and 
UiO-66 show advantageous properties. The solvent resistivity and high thermal 
stability makes them stand out to be good candidates as shell materials in core shell 
catalysts.  In our work, we developed an efficient way to create a yolk-shell structure 
of Pd nanoparticles in ZIF-8 and, at the same time, a method to incorporate the 
shape/size controlled Pt nanoparticles into well-defined octahedral UiO-66 
nanocrystals with the control of concentration and dispersion. The formation 
mechanisms of both yolk-shell and core-shell structures were also studied in the work. 
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CHPATER 1 
 
Introduction 
 
1.1 Project Motivation 
 
Metal nanoparticles have been widely used as efficient catalysts for many industrial 
applications due to their unique properties (high surface area, quantum confinement 
effect etc.).1,2 However, there are several problems existing in the traditional metal 
nanoparticle catalysts.3 Activity loss caused by aggregation and poor recyclability are 
key issues.4 To solve these problems, efforts have been put on creating materials with 
new structures. Porous layer coating has been developed as an effective method.5, 6 
The porous layer serves as a protection layer between the nanoparticles to prevent 
aggregation and it provides accessible windows and channels for the guest molecules. 
There are reports of this structure already, such as Pt@hollow porous carbon7 and 
Pt@mesoporous silica8 and the layer primarily serves to enhance stability. MOFs 
(Metal-Organic-Frameworks) are ordered porous materials that offer more 
controllable microporous structure, large internal surface area, and tunable chemical 
properties. 9  MOFs are widely used in gas storage, heterogeneous catalysis, 
photocatalysis, and biomedicine.10,11  When applied as a shell, MOFs could introduce 
new functions into the yolk-shell or core-shell nanostructures and make them more 
attractive for various applications. There are some works published on the top of 
                                                        
1 J. Phys. Chem. B. 2005, 109, 12663 
2 J. Am. Chem. Soc. 2002, 124, 4228 
3 J. Am. Chem. Soc., 2003, 125, 8340 
4 Small. 2009, 5, 361 
5 Chem. Mater. 2003, 15, 4401 
6 Nano Lett. 2006, 6, 2268 
7 Angew. Chem. Int. Ed. 2006, 45, 7063 
8 Nat. Mater. 2009, 8, 126 
9 Chem. Soc. Rev. 2009, 38, 1450 
10 Angew. Chem. Int. Ed. 2005, 44, 4670  
11 J. Am. Chem. Soc., 2005, 127, 17998 
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combining metal nanoparticles with MOF shell, like Pt@MOF-17712 and Au@ZIF-
90.13 However, in these works, there is no shape control of the metal nanoparticles 
(MNPs) inside because the MNPs are generated by reducing the metal precursors 
introduced in as-synthesized MOFs. By using post-synthetic coating on shaped 
controlled metal nanoparticles, we can achieve a well-defined core-shell structure 
with shaped controlled metal nanocrystals as well as crystalline MOF shell. Here we 
chose both ZIF-814 and UiO-66 as the shell materials to demonstrate our designs. ZIF-
8 is in the subclass of ZIFs among the MOF materials which have high thermal 
stability and resistance toward solvents.15,16 The synthesis of ZIF-8 was conducted in 
methanol solvent at room temperature which is low energy consumption, therefore, 
more environmental friendly.17 The Cu2O layer is used as a sacrificial template to 
create the yolk shell structure. The synthetic strategy is proven to be effective, 
however, the thermal stability of this material is still not high enough due to the 
polycrystalline ZIF-8 shell. The small window size (3.4 Å) of ZIF-8 also limits its 
application in more complex molecular reactions, such as benzene hydrogenation.18 
As a result, we proposed to utilize UiO-6619 as a shell material to create core-shell 
structure with a shape controlled metal nanoparticle core and a more stable single 
crystalline shell. UiO-66 is a Zr-based MOF material with high thermal stability and 
relatively large window size (7 Å).20  During high temperature treatment, UiO-66 
maintains its ordered porous structure with dehydralation, as a result, its thermal 
                                                        
12 Chem. Eur. J. 2008, 14, 8204 
13 Chem. Mater. 2010, 22, 23 
14 Chem. Commun. 2011, 47, 2071 
15 ACS Catal. 2012, 2, 180 
16 Angew. Chem. Int. Ed. 2010, 49, 4054 
17 Chem. Mater. 2011, 23, 3590 
18 Chem. Commun. 2012, 48, 3173 
19 Chem. Mater. 2011, 23, 1700 
20 Phys. Chem. Chem. Phys. 2011, 13, 6388 
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stability is relatively high compared to most of the MOFs. In UiO-66, Zr is 8 
coordinated and the core part of the subunit is coordinated by 12 carboxylates. With 
such a highly coordinated metal core and subunit, UiO-66 has resistance towards most 
solvents which makes it a good candidate as a catalyst for heterogenous catalysis. 
Moreover, By adding functional groups to organic linkers in UiO-66, selectivity of 
guest molecules based on different interaction with the functional groups can be 
expected.21,22 
 
The formation mechanisms of both yolk-shell structure and core-shell structures were 
studied. The mechanisms can be applied in general case of  coating MOF materials on 
shaped controlled metal nanoparticles. The interactions between subunits of MOF 
materials and metal cores or surfactants is the key point determining if the coating is 
possible or not. In the case of ZIF-8 coating, There is no significant interactions 
between ZIF-8 and cetyltrimethylammonium Bromide (CTAB). As a result, CTAB on 
the metal nanoparticle surface is an obstale for the coating. The surfactant free 
condition provided by Cu2O on the metal surface leads to a better  ZIF-8 coating. On 
the contrary, interaction between the polyvinylpyrrolidone (PVP) and UiO-66 is a key 
point for a successful coating of UiO-66 on Pt. By carefully controlling the interaction 
between the surface of metal core and MOF shell, the yolk-shell and core-shell 
structure can be created.  
 
 
 
 
                                                        
21 Chem. Commun. 2010, 46, 7700 
22 J. Mater. Chem. 2010, 20, 9848 
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1.2 Metal-Organic-Frameworks 
Hybrid porous materials that consist of metal-containing subunits with organic linkers 
are well known as Metal-Organic-Frameworks (MOFs). Recently, they have attracted 
considerable attentions because of their large internal surface area, uniform channels, 
and chemical tailorability.23 Their potential applications are mainly on the gas storage, 
heterogeneous catalysis and molecular separation.24  
 
Figure 1. Typical Subunits of MOFs25 
 
Figure 1 displays some typical subunits of MOFs. Different coordination numbers and 
band structures of metal centers result in different structures of the subunits. 
                                                        
23 J. Am. Chem. Soc. 2010, 132, 7832 
24 Nature, 2004, 402, 2 
25 Chem. Soc. Rev. 2009, 38, 1257 
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Figure 2.  Typical Organic Linkers in MOFs26 
 
Figure 2 displays some typical organic linkers in MOFs. The organic linkers are 
linked to the subunits to form 3-D porous structures with accessible windows. By 
changing the length and topology of the pores, it is possible to achieve size selectivity 
of guest molecules. Functionalized linkers in the MOF can make it a good catalyst as 
well. The functional groups can bind to inorganic connecting point on the reactant in a 
catalytic reaction; as a result, it can enhance the selectivity of the reaction. 
  
 
 
                                                        
26 Nat. Chem.  2010, 2, 838 
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1.3 Zeolitic Imidazolate Frameworks  
ZIF is a subclass of porous MOFs which have expanded zeolite topology. It is shown 
in Figure 3 that the angle between M-Im-M in ZIF is the same as that of Si-O-Si in 
zeolite of 145°. 
 
Figure 3. Bond between Metal and Immidazole27 
 
ZIF materials exhibit high thermal and chemical stability and could be synthesized in 
various solvents like MeOH, EtOH and water. ZIF materials show high adsorption of 
gases that make them good candidates for gas storage and also gas phase catalysis.28 
 
Figure 4. Typical ZIF structures29 
 
                                                        
27 Acc. Chem. Res. 2010, 43, 58 
28 J. Am. Chem. Soc. 2010, 132, 3 
29 Sci. 2008, 319, 893 
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ZIF-8 is one of the most estabilished ZIFs with a zeolite sod topology which exhibits 
interesting features: a large sod cage (11.6 Å) is accessible through a narrow six-ring 
pore of 3.4 Å. The structure is shown in Figure 5. In the figure, the blue tetrahedron 
represent Zn. C and N atoms are black and green spheres.  
ZIF-8 has high thermal stability (550 °C in N2) and high surface area (BET surface are 
1630 m2g-1).  Moreover, it is stable in solvents like water, EtOH, MeOH etc. These 
properties have made ZIF-8 an impressive material. The applications of ZIF-8 include 
gas storage, gas separation and catalysis. 
 
Figure 5. Structure of ZIF-8 
 
1.4 UiO-66 
Prof. Petter of University of Oslo in Norway first synthesized UiO-66 in 2008. 
Because of the high thermal stability and resistance to most solvents, it showed 
improved potential in applications of catalysis and gas separation.30,31 
 
Figure 6. Subunit of UiO-6632 
                                                        
30 Chem. Commun. 2011, 47, 1521 
31 Angew. Chem. Int. Ed. 2012, 51, 4887 
32 J. Am. Chem. Soc. 2008, 130, 13851 
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The subunits of UiO-66 is constructed from Zr6O4(OH)4(O2C)12. Figure 6 displays the 
core part of subunits consisting of Zr6O4(OH)4. The coordination number of Zr is up 
to 8 in the structure and Zr atoms are in the octahedral sites linked by O atoms. Zr4+ in 
the structure is oxophilic; as a result, the bond of Zr-O is very strong. The core part of 
the structure is surrounded by twelve carboxylates to complete the subunits. This 
highly coordinated subunits lead to a topology of UiO-66 similar to FCC structure and 
resistance towards most of the solvents.  
 
Figure 7.  Octahedral and tetrahedral sites in UiO-6633 
 
In the 3-D structure, UiO-66 consists of both octahedral and tetrahedral cavities and 
the ratio between them is 1:2. The linear organic linker in UiO-66 is 4,4′-
biphenyldicarboxylic acid (H2-bpdc). It is a highly active linker that it is possible to 
add functional groups on the structure to have higher selectivity of guest molecules.34 
 
 
                                                        
33 Phys. Chem. Chem. Phys. 2012, 14, 1614 
34 Eur. J. Inorg. Chem. 2012, 5, 790 
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CHAPTER 2 
Experiment 
2.1 Yolk-shell of Metal@ZIF-8 
2.1.1 Chemicals: 
All the chemicals were purchased without further purification. 
To synthesize Pd octahedra, vials were used as the reaction containers; 
cetyltrimethylammonium bromide (CTAB, CALBIOCHEM, 98%) was introduced as 
surfactant; sodium tetrachloropalladate (Na2PdCl4, Aldrich, 98%) was introduced as 
metal precursor; potassium iodide (KI, Sigma-Aldrich, 99.5%) was added to get 
octahedral structure; ascorbic acid (AA, Sigma-Aldrich 99%) was introduced as 
reducing agent.  
To synthesize Au octahedra, hydrothermal vessels was used as a reaction container; 
gold(III) chloride ( AuCl3 , Sigma-Aldrich, >99.99 %) was used to prepare the 
HAuCl4  solution as gold precursor; cetyltrimethylammonium bromide (CTAB, 
CALBIOCHEM, 98%) was introduced as surfactant; sodium citrate tribasic dehydrate 
(C6H5Na3O7  2H2O, Sigma, 99.5%) was introduced as the reducing agent. 
To coat Cu2O on Pd/Au nanoparticles, copper(II) chloride (CuCl2, Aldrich, 97%) was 
introduced as the copper ion source; sodium hydroxide (NaOH, 95%, BDH) was 
introduced to adjust the PH value of the solution; hydroxylamine hydrochloride 
(NH2OH  HCl, Sigma-Aldrich, 99%) was introduced as a reducing agent.  
To synthesis yolk-shell Pd/Au@ZIF-8 nanostructures, methanol was introduced as the 
solvent; zinc nitrate hexahydrate (Zn(NO3)2  6H2O, Sigma-Aldrich, 99%) was 
introduced as the zinc ion precursor; 2-methylimidazole (C4H6N2, Aldrich, 99%) was 
introduced as the organic linker. 
Ultrapure deionized water (DI water) was used for all solution preparations. 
 10 
 
2.1.2 Synthesis of Au octahedron35 
0.28 g CTAB as a capping agent was dissolved into 50 mL water. Then, 1.25 mL of 
0.01 M HAuCl4 was added to the prepared CTAB solution. The color of the solution 
became pale yellow. Finally, 150 µL of the 0.1 M Sodium citrate were added as a 
reducing agent. After the chemicals in the vessel were mixed well, the vessel was kept 
in the oven at 100 °C for 64 hrs. After the reaction, the solution became purple color 
which indicates the formation of Au particles. Then, the centrifugation was done at 
8000 rpm to get the particles down. The particles were re-dispersed in DI water.  Then, 
this procedure was repeated for 3 times to wash the particles. After this, the particles 
were collected and re-dispersed in 5 mL DI water. 
 
2.1.3 Synthesis of 60 nm CTAB capped Pd Octahedra36 
CTAB with 10 mL H2O in a vial was sonicated to make it completely dissolved. To 
the solution was then added 0.5 mL of 0.01 M H2PdCl4 and 0.3 mL of 0.1 M KI. Then, 
the vial was put in an oil bath at 95 °C to heat with gentle stirring for 5 minutes. Then 
0.08 mL of 0.1 M ascorbic acid was added to the solution. The solution became 
brown color which indicated the reduction of Pd II to Pd. After 20 minutes, the seed 
solution was removed from the oil bath and left to cool for approximately an hour. 10 
mL of DI water was added to a 20 mL vial containing 364.5 mg of CTAB. Then, 0.25 
mL of 0.01 M H2PdCl4 and 0.05 mL of 1 mmol KI were added to the vial. The vial 
was put in an oil bath at 30 °C with gentle stirring for 5 minutes. After 5 minutes, 
0.08 mL of the cubic Pd seeds and 0.1 mL of 0.1 M ascorbic acid were added to the 
solution and the solution was left to heat for 40 hours. Next, the vial was removed 
from the oil bath and left to cool for 10 minutes. To collect and wash the particles, the 
                                                        
35 Chem. Mater. 2010, 20, 24 
36 ACS Nano 2010, 4, 1987 
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solution was centrifuged for 15 minutes at 6500 rpm and re-dispersed in DI water for 
3 times. 
 
2.1.4 Cu2O coating on the Au/Pd nanostructures
37 
 
Figure 8. Cu2O coating 
 
The amounts of the chemicals and procedures are listed in the table above. Without 
surfactant, a volume of 96-X mL aqueous phase solution with 0.1 M CuCl2 0.5 mL is 
prepared. Then 1 mL metal particles were added to the solution, stir to mix well. After 
this, 2.5 mL of 1 M NaOH solution was added to the solution, stir for 5 s, 
NH2OHHCl was quickly added to the mixture. The mixture was then stirred for 
another 5s. The beaker was left undisturbed for 2 hrs. After the reaction finished, 
centrifugation at 5000 rmp for 10 min was done to collect the product. The final 
products were dispersed into 2 mL MeOH for the next step. 
 
2.1.5 ZIF-8 coating38 
Two vials containing 32.5 mg of Zn(NO3)2 and 82.5 mg of 2-methylimidazole in each 
were prepared. Next, 1.576 mL of methanol was added to dissolve the Zn(NO3)2 and 
                                                        
37 J. Am. Chem. Soc. 2010, 131, 49 
38 J. Am. Chem. Soc. 2012, 134, 14345 
H2O
9.6 － X
mL
0.1 M
CuCl2(aq)
0.2 M
NH2OH 
‧HCl(aq)
shaking
1 M
NaOH(aq)
shaking 
for 10 s
0.05 mL X mL0.25 mL
(10－3 M)
aging
2 hr
Metal Nano-
materials
shaking
0.1 mL
(total 10 mL)
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2 mL of the Pd-Cu2O particles in methanol was added to dissolve the 2-
methylimidazole. The vial of Zn(NO3)2 solution was set under vigorous stirring in an 
ice bath and the particle solution was poured into it quickly. After stirring for 2 hours, 
the ZIF-8 coated nanostructure were kept stirring for one more hour at room 
temperature and then collected by centrifugation at 5000 rpm for 10 minutes. The 
centrifugation was repeated twice with methanol to wash unreacted precursors. To 
ensure the removal all residual Cu2O, the products were dispersed in 3% ammonium 
hydroxide/methanol soaking for an hour and collected in methanol to prepare SEM 
and TEM samples or dry to get powder samples for X-ray diffraction. 
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2.2 Core-Shell of Metal@UiO-66 
2.2.1 Chemicals: 
N,N-Dimethylformamide (DMF) was dried by solvent purification system before use. 
In the solvent system, DMF went through the column saturated with drying agent, 
such as calcium hydride and sodium hydroxide to get rid of water.  
To synthesize Pt particles, the round bottle was used as the reaction container; 
ethylene glycol (>98%, EMD) was used as the solvent; polyvinylpyrrolidone (PVP, 
Mw~29,000, Aldrich) was introduced as surfactant; chloroplatinic acid hexahydrate 
(H2PtCl6  6H2O, Sigma-Aldrich, 37.50% Pt basis) and ammonium 
tetrachloroplatinate(II) ((NH4)2  PtCl4, Sigma-Aldrich, 99%) were introduced as 
metal precursors; teramethylammonium bromide (N+(CH3)4Br-, Sigma-Aldrich, 99%) 
was introduced as reducing agent. 
To synthesize Pt@UiO-66 core-shell nanostructures, glass vessel was used to conduct 
the hydrothermal reaction; N,N-Dimethylformamide (DMF)  without water and 
oxygen was used as the solvent; zirconium(IV) chloride (ZrCl4, Sigma-Aldrich, >99.5% 
trace metal basis) was introduced as the Zr metal ions source; benzoic acid 
(C6H5COOH, Sigma Aldrich, >99.5%) was introduced to slow down the formation 
rate of UiO-66; tetrephthalic acid (C6H4-1,4-(CO2H)2, Sigma-Aldrich, 98%) was 
introduced as the organic linker; N2 gas was introduced to prevent oxidation of Pt 
nanoparticles.  
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2.2.2 Synthesis of PVP coated Pt 
The procedure is modified from the reports published before. 39 A total of 0.05 mmol  
H2PtCl6  6H2O to PtCl2 in a 1:4 ratio was used as the Pt precursor for the synthesis of 
5 nm Pt particles. The precursor was added to 10 mL of ethylene glycol with 0.75 
mmol of tetramethylammonium bromide and 1.00 mmol of poly(vinylpyrrolidone). 
Then, the mixture was heated to 140 °C. Under Argon protection and stirring, the 
solution was kept under 140 °C for 20 mins. The final product was dark brown color 
that indicated the formation of Pt nanoparticles.  After the solution cooled down to 
room temperature, acetone was added to the solution for the centrifugation. The 
centrifugation was conducted at 12000 rmp for 20 mins. The step was repeated twice 
and the Pt particles are re-dispersed in DMF as the final product. 
 
2.2.3 Synthesis of Pt@UiO-66 
The ration is modified from the former reports of synthesis of pure UiO-66.40  In a 
vial, about 1 mg of Pt nanoparticles and 0.172 mmol terephthalic acid were added to 5 
mL DMF. The vial was gentally swirled to mix the chemical well. Next, the gas of N2 
was bubbled in the solution for 10 mins. The vial was capped and sealed with Teflon 
Tapes. In a hydrothermal vessel, 40 mg ZrCl4 (0.172 mmol) and Benzoic Acid (5.145 
mmol) were added to 5 mL DMF solution. The gas of N2 was bubbled to the solution 
for 10 mins. Then the vessel was capped. Both of the vial and vessel were kept in the 
oven at 110°C for 10 mins. After the preheat treatment, the solution in the vial was 
quickly poured into the vessel and the vessel was sealed after the mixing. Next the 
vessel was kept in the oven for around 20 hrs. After the reaction was done, the vessel 
                                                        
39 J. Am. Chem. Soc. 2009, 16, 5817 
40 Angew. Chem. Int. Ed. 2012, 51, 4887 
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was taken out to cool down to room temperature. To collect the product, the solution 
was centrifuged at 7000 rmp for 10 mins. The centrifugation was repeated twice with 
10 ml of EtOH to wash unreacted precursors. The final product was dispersed in 5 ml 
EtOH.  
 
2.3 Instrumentation 
All the nanostructures were analyzed using a JOEL JSM 6340F scanning electron 
microscope (SEM) and a JOEL 2010F transmission electron microscope (TEM) 
operated at 200 kV. The x-ray diffraction patterns were collected using a Bruker AXS 
diffractometer with Cu Kα radiation (λ =1.5418 Å). Thermogravimetric analysis was 
carried out using a METTLER TOLEDO thermogravimetry. 
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CHAPTER 3 
Result and Analysis 
3.1 Yolk-shell of Metal@ZIF-8 
 
Figure 9. Nanocrystal@ZIF-8 yolk−shell nanostructures 
(a) displays the SEM image of Pd@ZIF-8; (b) and (c) are TEM images of 
Pd@ZIF-8; (d) is schematic sketch of the yolk-shell nanostructure. 
 
The cores are Pd octahedra with edge sizes of 60 nm, and the shells are microporous 
ZIF-8 with thickness of 100 nm. The crystal stucture and porous porperties of 
Pd@ZIF-8were studied by powder X-ray diffraction and nitrogen-sorption 
measurements.  
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Figure 10. XRD and sorption curve of Pd@ZIF-8 
(a) are PXRD patterns of the yolk−shell nanostructure and pure ZIF-8 crystals. (b) is 
Nitrogen adsorption−desorption isotherm of the Pd@ZIF-8 yolk-shell nanostructure. 
 
In Figure 10 (a), patterns generated by the ordered porous structure of the ZIF-8 shells 
and the Pd were both observed for the Pd@ZIF-8 yolk-shell nanostructure. All of the 
prominent peaks for the ZIF-8 shells, including 011, 002, 112, 022, 013, and 222, 
corresponded to those of pure ZIF-8 crystals. This confirmed the sodalite zeolite-type 
crystal structure of the ZIF-8 shell, and the well-defined peaks revealed the high 
crystallinity. The peaks of the ZIF-8 shells (upper) correspond to those of pure ZIF-8 
nanocrystals, revealing that the ZIF-8 shells had the same crystal structure as the pure 
ZIF-8 crystals. The inset shows the higher-angle diffraction peaks contributed by the 
Pd octahedra. Figure 10 (b) is Nitrogen adsorption−desorption isotherm of the 
 18 
 
Pd@ZIF-8 yolk-shell nanostructure, showing type-I behavior and confirming the 
microporous structure of the ZIF-8 shells. The BET surface area was 1396 m2/g.  
 
3.1.1 Control of Reaction Time 
 
Figure 11. TEM images of Pd@ZIF-8 in different reaction time 
(a) shows separated ZIF-8 particles in the sample (ice bath 2hrs); (b) shows Pd@ZIF-
8 (ice bath 2hrs); (c) shows Pd@ZIF-8 (ice bath 2hrs and room temperature 10min); 
(d) shows Pd@ZIF-8 (ice bath 2hrs and room temperature 1hr); (e) shows Pd@ZIF-8 
(ice bath 2hrs and room temperature overnight). 
 
The shell formation is slower than that of the separated particles in one sample. Both 
formation of the shells and separated particles follow the same procedure from nuclei 
to crystallization. The nuclei steps are almost the same for both of them, but the 
growth step is different. For the separated particles, the growth solution is easy to 
reach the nuclei surface. However, the space between each nucleus on the shell is so 
small, the growth solution is hard to permeate to the growth surface. At the same time, 
Ostwald Ripening might happen in addition to the regular growth step. As a result, the 
crystallization of the shell is much slower than that of the separated particles.  Figure 
11 (a) and (b) are from the same sample. In Figure 11 (a), the single ZIF-8 has grown 
up to well-defined particles, but the shell is still in the early stage of the formation. 
With a longer reaction time, the shell gradually becomes sharper and Cu2O get 
dissolved, like in Figure 11 (c) and (d). When the reaction time is too long, the shell 
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will crack due to the volume expansion caused by the crystal growth, such as the 
sample in Figure 11 (e).  
 
3.1.2 Control of Adding Rate 
 
Figure 12. TEM images of Pd@ZIF-8 with different adding rate 
(a), (a1) are TEM images of Pd@ZIF-8 with the adding rate of 5 µL /5 s; (b), (b1) are 
TEM images of Pd @ZIF-8 in one-time pouring in condition; (c), (c1) are TEM 
images of Au@ZIF-8 with the adding rate of 5 µL /5 s; (d), (d1) are TEM images of  
Pd @ZIF-8 in one-time pouring in condition. 
 
In the experiment, we can chose different adding rate of 2-MeIm to the Zn(NO3)2 
solution. When the adding rate is slower, the shells are thicker and inner cavity are 
smaller, because the formation of the shells follow the mechanism of step by step. 
Based on the literature published before,41 the surface terminated species are Q3Zn2+ 
(Q is deprotonated 2-MeIm) ions. When one 2-MeIm molecule came to the system, it 
can be linked by the Zn center and added to the layer of nuclei. As the 2-MeIm is 
                                                        
41 J. Am. Chem. Soc. 2011, 133, 13304 
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gradually added, more and more 2-MeIm will come to the surface and bond with 
Q3Zn2+ ion to continue the growth. As a result, the shell becomes thicker and thicker. 
In the one-time adding condition, there were a lot of the single nuclei generated 
everywhere in the solution and they grow up into a single ZIF-8 structure. It limits the 
amount of the precursor that can contribute to the growth of the shell; as a result, the 
shell is thinner in one time adding condition. Same thing happened for the inner 
cavity. In the drop-wise condition, the reaction is much slower than the one time 
adding condition which ends up in a slower change of pH. The nuclei on the Cu2O 
surface will change their shape as the Cu2O getting dissolved. When the Cu2O is 
dissolved slower, the interaction between Cu2O and nuclei will pull the nuclei inside 
to form a smaller inner cavity. And the in the fast adding reaction, the nuclei will stay 
in the original position which end up in a larger inner cavity.  
 
3.1.3 Control of thickness of the Cu2O 
    
 Figure 13.  TEM images of Pd@ZIF with different thickness of Cu2O 
 (a), (b), (c) are samples of different size of Pd@Cu2O; (a1), (b1), (c1) are samples of 
ZIF-8 coating on (a), (b), (c). 
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Figure 14.  TEM images of Au@ZIF with different thickness of Cu2O   
(a), (b), (c) are Au @Cu2O with different thickness of Cu2O shell; (a1), (b1), (c1) are 
ZIF-8 coating on (a), (b), (c). 
 
When the Cu2O shell is thin, it can be etched away in a short time. In this condition, 
the formation of the shell cannot complete before Cu2O are dissolved. As a result, the 
shells are not in a good shape. When the Cu2O shell is too thick, it cannot be 
dissolved after the reaction finishes, like in Figure 14 (c1). For both Pd@Cu2O 
coating and Au@Cu2O coating, the same results were observed.  
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3.1.4 Different Metal Core 
 
Figure 15. TEM image of the Pd@ZIF-8 and Au@ZIF-8 
(a) is Pd@Cu2O before ZIF-8 coating; (b) is Au@Cu2O before ZIF-8 coating; (c) 
is ZIF-8 coating on Pd@Cu2O; (d) is ZIF-8 coating on Au@Cu2O. 
 
The lattice constant of Cu2O (100) is 427 pm, Au (111) is 408 pm and Pd (100) is 387. 
The lattice mismatch between Au (111) and Cu2O (100) is 4% which is smaller than 
that between Pd(111) and Cu2O (100). Because of the stronger interaction between 
Au and Cu2O, Cu2O stays solid on the surface of Au during the etching. The 
interaction between Pd and Cu2O is weaker, as a result, Cu2O leaves the Pd surface 
and there are lots of defects generated in Cu2O during the reaction. 
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3.1.5 Summary for formation mechanism of metal@ZIF-8 yolk-shell structure 
 
 
Figure 16. Surface interaction between Cu2O and ZIF-8  
 
During the synthesis, the Cu2O coated Pd/Au particles are mixed with the 2-
methylimidazole in MeOH solution. Then it was added to the solution of Zn(NO3)2 in 
MeOH at different rate and temperature. When 2-methlyimidazole (2-MeIm) meets 
the Zn2+, the formation of the ZIF-8 starts. 2-Melm                    gets deprotonated and 
four of them are linked by Zn ions to form a tetrahedral subunit. After the N-H bond 
breaks, 2-MeIm is electronegative because of the extra electrons on N atom. Since 
Cu2O carries positive charge, there is a strong interaction between Cu2O and the N 
atom in 2-MeIm. As a result, some of the ZIF-8 formation can happen on the Cu2O 
surface. The protons released by the 2-MeIm caused the pH change in the solution.  
The pH kept decreasing during the formation of ZIF-8, as a result, the Cu2O gradually 
dissolved. In the end, we can get the yolk structure with ZIF-8 shell and nanoparticle 
core.  
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Figure 17. The crystallization of the ZIF-8 shell 
 
From the experimental results, the crystallization of the shell can be demonstrated by 
Figure 17. The crystallization of ZIF-8 is similar to the seed growth in the typical the 
nanoparticles formation mechanism. After the reaction happens, there are a lot of 
small seeds formed in the solution. And the small seeds are in irregular shapes that are 
mostly spherical. As the reaction continues, the seeds gradually become larger and 
larger, at the same time, their shapes become more and more uniform. All of them 
grow up to hexagonal shape in the end. Protons are released during the formation of 
ZIF-8 shells, as a result, the Cu2O are gradually dissolved as the reaction goes. Finally, 
the yolk-shell structure with shaped ZIF-8 shell and metal nanoparticle core is formed.  
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Figure 18. Influence of the reaction time 
 
Time study further demonstrates the mechanism we proposed before. When the 
reaction time is too long, the growth of the ZIF-8 will cause a volume expansion. As a 
result, the shell will cracked in the end. When the reaction time is too short, the Cu2O 
cannot be completely dissolved and the shell on the surface is not crystalized. In fact, 
a thick layer of Cu2O can be observed on the metal nanoparticle surface and the shell 
is very smooth. 
 
There are still some limitations of the Pd@ZIF-8 yolk-shell structure. The window 
size of ZIF-8 is only 3.4 Å which is not accessible to large molecules. As a result, the 
application of Pd@ZIF-8 is limited in small molecular catalytic reactions. On the 
other hand, UiO-66 has a higher stability and larger window size. Moreover, it is 
possible to do post synthesis modification on UiO-66. So we started another project 
on creating core-shell structure of Pt@UiO-66. 
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3.2 Core-Shell structure of Pt@UiO-66 
3.2.1 Pure UiO-66 
 
 
Figure 19. (a) SEM image of pure UiO-66; (b) TEM image of pure UiO-66 
 
In the SEM image, the yield of octahedral UiO-66 is about 90%. In the TEM image, 
the octahedral shape is well defined and the corner of the octahedral is very sharp. 
Both of the TEM and SEM images tell that the UiO-66 particles are single crystal and 
have well-defined octahedral shapes.  The size of particles is around 220-250 nm. 
Until now, there are no reports talking the synthesis of pure UiO-66 in details. We 
modified the procedures in the reaction and finally got the pure UiO-66 in single 
crystal.  
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3.2.2 Pt@UiO-66 
 
Figure 20. TEM images of Pt@UiO-66 
 
Figure 21. SEM images of Pt@UiO-66 
 
Based on the best condition of pure UiO-66 synthesis, the trials of Pt@UiO-66 
synthesis was conducted. With more concentrated benzoic acid in the system, well-
defined core-shell Pt@UiO-66 particles were synthesized. From the TEM images, the 
UiO-66 shell keeps a good octahedral shape with the edge around 250-300 nm. And 
Pt nanoparticles are in the center part of the core-shell structure.  
The crystal structure and porous properties was studied by powder X-ray diffraction.  
The XRD patterns are shown in Figure 22.  
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Figure 22. XRD pattern of Pt@UiO-66 
 
In the XPD pattern of Pt@UiO-66, the peaks indicate ordered porous structure appear 
in the graph. The well-defined peaks reveal the high crystallinity.  
 
 
Figure 23. Pt@UiO-66 in DMF and powder 
 
In Figure 23, the color of Pt@UiO-66 is brown which is the same of the Pt 
nanoparticles. It indicates the successful coating of UiO-66 shell on Pd particles. The 
core-shell structure is stable in solvent of DMF, water and EtOH with stirring for 24 
hrs. 
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Figure 24. Synthesis solution with and without bubbling N2 
(a) is the sample with bubbling of N2; (b) is the sample without bubbling N2 
 
In the synthesis steps, bubbling N2 is very important. With bubbling N2, Pt particles 
cannot be oxidized during the reaction. The solution is strongly acidic because of 
benzoic acid and it also consists of highly concentrated chloride ions. With O2 in the 
solution, Pt particles there can be easily oxidized. In Figure 24 (b), Pt particles 
disappeared in the sample without bubbling N2 after the reaction.   
 
Figure 25. TGA of the Pt@UiO-66 in N2  
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Thermogravimetric analysis (TGA) was done to test the thermal stability of the 
Pt@UiO-66. The temperature range is from 50 °C to 950 °C. Based on Figure 25, 9% 
of the sample weight is lost because of the evaporation of H2O. Next, DMF is also 
evaporated. The most important part is the loss of benzene that indicates the 
decomposition the UiO-66 shell. The decomposition of this structure starts from 
400 °C and ends around 500 °C. After the decomposition, ZrO2 remains as a white 
solid powder in the end. During the decomposition of UiO-66, it is hard to tell 
whether the C-Zr bond breaks first or C-O bonds breaks first. The weaker bond of 
these two is the limitation for the thermal stability of UiO-66. 
 
3.2.3 Decrease the Pt concentration inside UiO-66 
 
Figure 26. TEM images of less Pt particles inside UiO-66 
 
By decreasing the concentration of Pt particles added in the synthesis, less 
concentrated Pt particles in UiO-66 nanostructures can be synthesized. In the regular 
synthesis, around 1 mg of Pt nanoparticles was added. In this sample, only half the 
amount of Pt nanoparticles was added. As we can see from Figure 26, the 
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concentration of Pt particles in UiO-66 is less compared to Figure 20. Pt particles stay 
in the center part of the core hell structure and the shell of UiO-66 keeps well-defined 
octahedral shape.  
 
3.2.4 Time Study of UiO-66 
 
Figure 27. Pure UiO-66 particles with different reaction time 
(a) is TEM image of UiO-66 after 5 hrs reaction; (b) is TEM image of UiO-66 after 6 
hrs reaction; (c) is TEM image of UiO-66 after 8 hrs reaction. 
 
To control the distribution of Pt nanoparticles in UiO-66 shell, we started with the 
time study of the formation of pure UiO-66. The steps of pure UiO-66 synthesis were 
repeated with no change. At different reaction time, samples were taken out to check 
the morphology. Figure 27 displays the products at reaction time of 5 hrs, 6 hrs, and 
8hrs. After 5hrs reaction, the size distribution of the UiO-66 particles is large and 
most of the particles are in irregular shapes. Compared to the well-defined UiO-66 
particles, the sizes of the particles at 5 hrs are smaller in general. When the time is up 
to six hours, the sizes of the particles are larger and the particles become more shaped. 
Then the particle growth follows the trend to 8 hrs. After 8hrs reaction, the 
crystallization of the UiO-66 is almost done. The size of the particles is around 235 
nm. 
a b c 
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Figure 28. Adding Pt after 5 hrs formation of UiO-66 
(a), (b) are TEM images of adding Pt after 5 hrs formation of UiO-66; (c) is the SEM 
image of adding Pt after 5hrs formation of UiO-66 
 
Based on the result of pure UiO-66, Pt was added 5 hrs after the formation of UiO-66. 
As shown in Figure 28, Pt particles form a cubic like structure inside the UiO-66 shell. 
They cover the surface of UiO-66 particles of 5 hours reaction. Then UiO-66 
continues the growth on Pt surface. UiO-66 on the shell are aggregating together. 
From the SEM image, the yield of single crystal UiO-66 is very low. Most of the 
UiO-66 shells aggregate together forming unshaped structures. 
 
Figure 29. Adding Pt after 5.5 hrs formation of UiO-66 
(a), (b) are TEM images of adding Pt after 5.5 hrs formation of UiO-66 
In Figure 28 and 29, there is no big difference between 5.5 hrs and 5 hrs. Most of the 
UiO-66 shells aggregate together and Pt inside form a cubic like structure.  
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Figure 30. (a), (b) and (c) are TEM images of adding Pt  
after 6 hrs formation of UiO-66 
 
When the time of pure UiO-66 increases to 6 hrs, the result is different with these of 5 
hrs and 5.5 hrs. UiO-66 shells are separating and form octahedral shapes like pure 
UiO-66. And at the same time, Pt particles inside are well dispersed. Based on this 
condition, we did some modification on the steps by decreasing the adding rate of Pt 
nanoparticles.  
 
Figure 31. (a), (b) and (c) are TEM images of adding Pt slowly after 6 hrs  
formation of UiO-66 
 
The Pt particles in this sample were adding drop-wisely. As shown in Figure 31, 
concentration of Pt particles in core-shell structure is less than before. The UiO-66 
shell are separated and in octahedral shapes.  In the SEM image, the yield of well-
defined particles is around 90%. 
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Figure 32. (a), (b) and (c) are TEM images of adding Pt particles after 8 hrs  
formation of UiO-66 
 
The result is totally different when the growth time of pure UiO-66 increases to 8 hrs. 
There is no more core-shell structure of Pt@UiO-66 can be observed. On the other 
hand, most of the Pt particles remain uncoated in the solution. From the TEM image, 
some the Pt nanoparticles are attached on the surface of UiO-66 shell. The size 
distribution of UiO-66 particles is large.  
 
Figure 33. (a), (b) and (c) are TEM images of adding Pt particles after 12 hrs 
 formation of UiO-66 
 
When the formation time of UiO-66 is up to 12 hrs, most of the Pt particles remain 
uncoated in the solution. . Some Pt nanoparticles are attached on the UiO-66 shell in 
this sample. Compared to the result of 8 hrs, the sizes of UiO-66 particles are larger 
and they are octahedra. When the Pt particles are added after a long time of the UiO-
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66 formation, the interaction between Pt and UiO-66 particle surface become weaker, 
as a result, the coating is not successful.  
 
3.2.5 Mechanism of Pt@UiO-66 core-shell structure formation 
 
Figure 34. (a) and (b) are TEM images of sample with extra free PVP 
 
In the coating process, the interaction between core and shell is important. In the 
reaction, the only surfactant is PVP. To identify the interaction between the UiO-66 
shell and nanoparticle cores, we did the experiments with extra free PVP in the 
synthesis. As shown in Figure 34, most of the UiO-66 shells are linked together. This 
result indicates that PVP bridges the gap between the core and shell. In UiO-66, Zr is 
8 coordinated and it has empty orbitals.   
 
Figure 35. Resonance structure of PVP 
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The resonance structure of PVP has an active oxygen end that is partial negative. As a 
result, it can have a weak interaction to Zr atom that has empty orbitals.  
 
Figure 36. Interaction between PVP and Zr 
 
As shown in Figure 36, the interaction between PVP and Zr center is the key point to 
form a core-shell structure of Pt@UiO-66. With extra free PVP in the solution, there 
is a competition between PVP coated particles and free PVP, as a result, there are a 
lot of Pt nanoparticles that cannot be coated during the reaction. After centrifugation 
of the final products, supernatant is all brown color which indicates lot of the Pt 
particles remaining in the solution.  
Time study of Pt@UiO-66 was done to check the growth of the core-shell structure. 
 
Figure 37. (a) and (b) are TEM images of Pt@UiO-66 after 12hrs reaction 
As shown in the TEM images, most of the UiO-66 shells are not in good octahedral 
shapes. The edge and corner are not completely formed. At the same time, in the 
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center part of each UiO-66, there are some Pt particles. After centrifugation of the 
final products, a lot of uncoated Pt particles remain in the supernatant. 
 
Figure 38. (a) and (b) are TEM images of Pt@UiO-66 after 16 hrs reaction 
 
When the time increases to 16 hrs, the UiO-66 is in a better shape, although some of 
them are still in the solution. Most of the Pt particles are in UiO-66 forming a core-
shell structure.  Between 12 hrs to 16 hrs, the main difference is the shape of UiO-66 
is better and less Pt particles are uncoated in the solution of 16 hrs reaction.  
 
Figure 39. (a) and (b) are TEM images of Pt@UiO-66 after 20 hrs reaction 
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It usually takes around 20 hrs to finish the reaction. When the reaction finishes, there 
are no more Pt particles in the solution. All of the Pt particles are coated by UiO-66. 
The shape of UiO-66 shell is well-defined octahedra. The yield of the yolk shell 
structures is around 80%. From the time study, we can know that the nucleation of the 
core-shell Pt@UiO-66 happens all the time during the reaction. It is the reason that 
some Pt particles are not coated in a short reaction time. And after the nucleation, the 
crystal will grow larger. Since the nucleation step of each particle happens at different 
time, the size distribution of UiO-66 shell is very large at short reaction time due to 
the different growth time. In the end, all UiO-66 shells complete the growth step 
ending up in mono-dispersed particles.    
From these experiments, we can find out the formation mechanism of the Pt@UiO-66 
core shell structure. There are some parts similar to the formation of Pd@ZIF-8 yolk 
shell structure as they all have the nucleation and growth steps. The details are talked 
in the summary part.  
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3.2.6 Summary of the Pt@UiO-66 formation mechanism 
 
Figure 40. Solution before nucleation 
 
As shown in Figure 40, before the nucleation step, Pt particles are separated in the 
solution and there are no UiO-66 formed yet. At high temperature and longer reaction 
time, there will be some UiO-66 gradually formed. 
 
Figure 41. Nucleation step of Pt@UiO-66 
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Figure 41 displays the nucleation step of UiO-66 shell. UiO-66 starts nucleation with 
the core of Pt nanoparticles. And some of nucleation happens earlier and some later. 
As a result, when we stop the reaction in a short reaction time, we can still see a lot of 
uncoated Pt nanoparticles. Since the nucleation starts at different time, the growth 
time of the UiO-66 shell is different. The shape and size are not mono dispersed when 
the reaction time is short. With the reaction time increasing, UiO-66 shell grows 
larger and the shape becomes better as well.  
 
Figure 42. Crystallization of Pt@UiO-66 
 
After the nucleation, the crystallization step of UiO-66 shell starts. During 
crystallization step, UiO-66 shell becomes larger and more shaped. In the end, all the 
UiO-66 shells are in octahedral shapes with Pt nanoparticles in the center.  
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Figure 43. Adding Pt during the formation of UiO-66 
 
When Pt particles are added after the nucleation of UiO-66, Pt particles are attached 
on the surface of small UiO-66 particles. As a result, we can see Pt particles forming 
the same shape as small UiO-66 particles under TEM. Then the UiO-66 continues the 
growth on the surface of Pt nanoparticles. In the end, UiO-66 grows up to an 
octahedral shaped outer shell, like in the Figure 43. By changing the adding rate of Pt 
particles, core-shell particles with different dispersion of Pt in UiO-66 can be 
produced.  
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CHAPTER 4 
Conclusion 
By using the strategies we developed, both yolk-shell structure of Pd@ZIF-8 and 
core-shell structure of Pt@UiO-66 were successfully synthesized. The ordered porous 
and crystalline structure was confirmed by the study of Powder XRD. Patterns 
generated by ordered porous structure of ZIF-8 and UiO-66 on the shell were 
observed. At the same time, the formation mechanisms of yolk-shell structure and 
core-shell structure were studied.  
 
Time study of yolk-shell structure tells that the shape of ZIF-8 shell changes as the 
reaction time increases. When the growth time of ZIF-8 nuclei is short, the shell is 
smooth. More shaped shell is observed in a longer time reaction. Growth rate of ZIF-8 
nuclei and dissolving rate of Cu2O can be changed by alerting the adding rate of 
precursor. Different growth time leads to shells in different thicknesses. Since there is 
an interaction between nuclei of ZIF-8 and Cu2O, the inner cavity of the yolk shell 
structure changes as the adding rate changes. When the dissolving rate of Cu2O and 
growth rate of ZIF-8 is balanced by manipulating the reaction time and adding rate of 
the precursor, we can get a good yolk-shell structure of metal nanoparticle core and 
crystalline shell without Cu2O residue in between.  In this well-defined structure, the 
inner cavity is around 230 nm and the thickness of the shell is around 100 nm.  
 
In the UiO-66 synthesis, the result of controlling reaction time is the same of that of 
Pd @ZIF-8 yolk-shell. When the reaction time is short, the size of UiO-66 shell is 
small and the shape is irregular. With a longer reaction time, the shell gradually 
becomes larger and more shaped. When the reaction time is up to 20 hrs, the shell is 
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well-defined octahedron. PVP on the particle surface bridges the gap between metal 
nanoparticle and UiO-66 due to the interaction between PVP and subunits in UiO-66. 
When amount of PVP is alerted, the coating quality changes as well. When the 
amount of PVP is too little, most of the particles cannot be coated. On the other hand, 
with extra PVP, all the UiO-66 shells are linked together. By changing the adding 
time of Pt nanoparticles, we can also get Pt@UiO-66 core-shell particles with 
different dispersions of Pt particles inside.  
 
Based on mechanism of the structure evolution, we can control metal particles 
dispersion in the structures. Both of the yolk-shell and core-shell particles can be 
applied in heterogeneous catalysis to achieve enhancement of selectivity and activity 
in the future.  
 
